Basic fibroblast growth factor (bFGF) has been shown to stimulate cell proliferation after vascular injury. The mitogenic activity of bFGF requires interactions with both a high affinity receptor and a cell-surface heparan sulfate proteoglycan. We tested the ability of platelet factor 4 (PF 4) and other platelet heparin-binding proteins to 1994. 94:261-268.)
Introduction
Atherosclerotic plaque formation is a complicated multistage process thought to involve vessel wall injury with subsequent disruption of the endothelium and exposure of the underlying intimal layers. According to the "response to injury" hypothesis of atherogenesis, endothelial injury acts as a signal for monocyte attraction and production of intimal cell mitogens (1, 2) . Subsequent proliferation of the underlying smooth muscle and fibroblast cells along with foam cell formation are thought to be precursors of fibrous plaque formation. An understanding of how multiple cell growth regulators present at a site of vascular injury are able to send an interpretable signal will assist in developing strategies for intervention in disease states such as atherogenesis or in therapeutic complications such as restenosis after coronary angioplasty (3) .
Basic fibroblast growth factor (bFGF)' has been implicated in the pathological overproliferation of the vessel wall during arteriosclerosis (4) . Direct infusion of bFGF into the vascular wall leads to new capillary formation and proliferation of smooth muscle cells (5) . Anti-bFGF antibodies can inhibit endogenous intimal cell proliferation after balloon catheter injury (6) . Release of endogenous bFGF from injured medial smooth muscle cells or fibroblasts may contribute, therefore, to overgrowth and occlusion of the vessel lumen. In vivo, soluble heparin inhibits smooth muscle cell proliferation after injury, possibly by displacing endogenous bFGF bound to the arterial wall and bringing it into the general circulation where it can no longer stimulate proliferation at the site of injury (7) .
Members of the FGF family signal through a specific transmembrane receptor with tyrosine kinase activity; mitogenic activity is also dependent on the presence of heparan sulfate proteoglycans or heparin (8) (9) (10) . The increase in mitogenic activity in the presence of heparin was first described for acidic FGF (10) and results from an increase in the binding of acidic FGF to what was characterized as the high affinity receptor (11, 12) . Heparin also potentiates the activity of bFGF (13, 14) . Recently, using heparan sulfate-deficient cell lines (9) , undersulfated fibroblasts (8) , or undersulfated myoblasts ( 15 ) , it has been shown that high affinity binding of bFGF to its tyrosine kinase receptor requires heparin or heparan sulfates. The finding that an FGF tyrosine kinase receptor contains a heparin-binding region suggests that a ternary complex forms between the receptor, bFGF, and heparin (16) . Kinetically this implies that the measured high affinity Kd for bFGF binding is a cooperative interaction among all members of the ternary complex (17) . Disruption of one of the binding interaction could therefore influence others.
Platelet factor 4 (PF 4) is one of several platelet a-granule proteins synthesized in the developing megakaryocyte and released at the site of vascular injury. The localization of PF 4 to the platelet a-granule along with platelet-derived growth factor, transforming growth factor-, thrombospondin, and ,6-thromboglobulin suggests that PF 4 may play a role in tissue repair processes. A number of functions have been described for PF 4 including growth inhibitory activity, antiheparin activity, chemotactic activity, antiangiogenic activity, and inhibition of megakaryocytopoesis (for review see reference 18). Many of the activities regulated by PF 4 are processes thought to be important for wound repair.
The purpose of this study was to examine systematically the ability of PF 4 and other platelet a-granule proteins to c._ 8 1 by PF 4 may be important in preventing pathological overproliferation of the vessel wall.
Methods
Platelets from the American Red Cross Blood Services, Badger Region, were washed and stimulated with thrombin as described (21) . The supernatant of thrombin-stimulated platelets was purified by affinity chromatography on heparin-agarose (Sigma Immunochemicals, St. Louis, MO) or gel filtration on Bio-Gel 0.5 M (Bio-Rad Laboratories, Hercules, CA). Some experiments were done with PF 4 that was further purified on a sulfopropyl (SP) ion-exchange column (22) . PF (Fig. 1 A) . One protein peak, containing thrombospondin and ,3-thromboglobulin, eluted from heparin-agarose in the presence of 0.55 M NaCl (21) . A second protein peak was eluted with 2.0 M NaCl and caused a decrease in [3H]thymidine incorporation by Swiss 3T3 cells in the presence of 5 pM FGF. The second peak contained PF 4 that was a single homogeneous 8-kD band, as determined by Coomassie brilliant blue staining of SDS-PAGE gels (data not shown).
When the supernatant of thrombin-stimulated platelets was separated by gel filtration, the first peak contained inhibitory activity in the bFGF-stimulated [3H]thymidine-uptake assay (Fig. 1 B) . SDS-PAGE (not shown) indicated that this peak contained thrombospondin and PF 4, presumably in complex with chondroitin-4-sulfate-bearing proteoglycan (25, 26) . The fractions eluting at 2 M NaCl from the heparin column ( Fig. 1 A) were pooled and further separated on an SP-FPLC column. PF 4 eluted at 0.75 M salt from the SP-FPLC column ( Fig. 1 C, diamonds) . When column fractions were examined for their effect on bFGF-stimulated [3H]thymidine incorporation, a single set of inhibitory fractions was found that coincided with the fractions that contained PF 4 ( Fig. 1 C, squares) .
Concentration-dependent inhibition of bFGF-stimulated growth by PF 4. To quantify the inhibitory activity of PF 4, increasing concentrations of purified PF 4 were added to 3T3 fibroblasts in the presence of 5 pM bFGF. As shown in Fig.  2 , bFGF growth activity was inhibited with increasing PF 4 concentrations. The 50% inhibitory concentration (IC50) was seen at a PF 4 tetramer concentration of 75 nM. This concentration is within the range (up to 160 nM) of PF 4 in serum after platelet activation (27) . The [3H] thymidine incorporation correlated with a similar inhibition of cell growth as quantified by cell counts. Starting with 8,000 cells and counting after 48 h, final cell numbers (mean±SE, n = 4) were: 24,500±1,600 in the presence of 5 pM bFGF; 14,500±1,000 for the no additions control; and 17,500±500 in the presence of 5 pM bFGF and 450 nM PF 4.
The inhibitory activity ofPF 4 is overcome by excess bFGF. [3H ] Thymidine incorporation in the presence of increasing concentrations of bFGF in the absence (closed circles) or presence of either 96 (closed squares) or 288 nM (closed triangles) PF 4 is shown in Fig. 3 . Maximal activity of recombinant yeast bFGF alone was found at 5 pM bFGF (Fig. 3, arrow) . Higher concentrations of bFGF resulted in less [3H]thymidine incorporation. PF 4 at a concentration of 96 and 288 nM (Fig. 2,  arrowheads) shifted the activity curve for bFGF 10-and 25-fold to the right, respectively.
Heparin or chondroitin-4-sulfate overcome PF 4 inhibition of bFGF. The effects of exogenous heparin and chondroitin-4-sulfate on the inhibition of bFGF-stimulated [3H] thymidine incorporation by PF 4 are shown in Fig. 4 . Heparin (4.2 Mbgl ml, -0.42 MM) or chondroitin-4-sulfate (4.2 Mg/ml) overcame the inhibition seen with 130 nM PF 4. Heparin or chondroitin-4-sulfate alone had no effect on bFGF-induced mitogenesis.
Other heparin-binding proteins do not inhibit the mitogenic activity of bFGF. The effects of purified thrombospondin and ,6-thromboglobulin on bFGF-stimulated [3H] thymidine incorporation were examined at concentrations higher than these proteins when found in platelet releasate (28) . Fig. 5 shows that only PF 4 was able to inhibit bFGF-stimulated [3H] thymidine incorporation. The /3-thromboglobulin used in this experiment contains the four amino acids at the amino terminus that are associated with mitogenic activity (19) . However, in the absence of bFGF, f6-thromboglobulin caused at most a 1.2-fold increase in [3H]thymidine incorporation (data not shown). Serum amyloid P-component, a potent heparin-binding protein in anticoagulation assays (29) , also showed no effect.
PF 4 has less effect on the activities ofother growthfactors. To determine the specificity of PF 4 inhibition of [3H] thymidine incorporation, the effect of PF 4 on other growth factors was examined. [3H]thymidine incorporation was 27±3.6% of that seen with 5 pM bFGF. In contrast, the average amount of [3H] thymidine incorporation in the absence of any added cytokines (no additions) was 44±4% of that seen with 5 pM bFGF. The difference between [3H] thymidine incorporation in the presence of PF 4 alone and in the no additions controls was significant (paired t test, P < 0.005, n = 10). The inhibition of baseline incorporation by PF 4 was concentration dependent and occurred over a similar concentration range as the inhibition of bFGF by PF 4 (Fig. 6 B) . Since cell wounding has been shown previously to release endogenous bFGF (24) , and Swiss 3T3 cells contain bFGF under the culture conditions used (30), we tested to see if PF 4 would inhibit the growth stimulated by cell wounding (Fig. 6 C) . The inhibition of thymidine incorporation in wounded cells was similar to that seen in serum-starved cells without wounding.
Discussion
Our laboratory has previously examined the binding of thrombospondin to cell-surface heparan sulfate proteoglycans (19, 31, 32) and has shown, using competitive binding assays, that PF 4 and /l-thromboglobulin compete for thrombospondin binding to cell-surface heparan sulfate proteoglycans (19) . One consequence of this competition is blockage of the internalization of thrombospondin (19) . Data showing that the activity of bFGF is dependent on the binding of heparin or heparan sulfate glycosaminoglycans (8, 9) led us to examine the ability of platelet heparin-binding proteins to inhibit the activity of bFGF.
PF 4 purified on a heparin column (Fig. 1 A) or an SP-FPLC column ( Fig. 1 C) that increasing concentrations of bFGF were able to overcome the inhibitory activities of increasing concentrations of PF 4 (Fig. 3 ) . In contrast to the results with PF 4, ,B-thromboglobulin and thrombospondin at concentrations greater than those found in serum did not inhibit mitogenesis due to bFGF (Fig. 5) . bFGF has a higher affinity for some sequences within the saccharide component of heparan sulfate proteoglycans than others (34, 35) . These sequences, or heparin sequences that specifically bind the FGF receptor (see below), may bind PF 4 with a higher affinity than thrombospondin or /3-thromboglobulin and explain the specificity of PF 4.
Heparin, but not chondroitin-4-sulfate, can substitute for cell-surface heparan sulfate in mediating bFGF binding to its tyrosine kinase receptor (9) . In this study, exogenously added heparin and chondroitin-4-sulfate resulted in a loss of the inhibitory activity of PF 4 (Fig. 4) . This result implies that the increase in [3H]thymidine incorporation seen in the presence of the glycosaminoglycans and PF 4 (Fig. 4) is due to the neutralization of the inhibitory effect of PF 4 and not superinduction of bFGF activity in the presence of the added heparin. PF 4 binds with higher affinity to heparan sulfates than to chondroitin sulfates (25, 26) 0.0 -&= are present (26) . We found that the chondroitin sulfate-PF 4 complex from platelets inhibited bFGF-stimulated [3H]-thymidine incorporation (Fig. 1 B) In contrast, only 5 x 105 thrombospondin sites were reported using the same cell type ( 19) . This is consistent with our finding that PF 4 and thrombospondin vary in their ability to inhibit bFGF activity. PF 4 was specific in its high potency for inhibiting bFGF compared with other growth factors (Table I) . PF 4 had some inhibitory activity towards PDGF, similar to the 50% inhibition of PDGF-stimulated growth seen with protamine sulfate (37) . Inhibition of sulfation by chlorate has been shown to decrease PDGF-stimulated growth of smooth muscle cells by 30% (38) . It is interesting to speculate that since PDGF also binds heparin (39-41) cell-surface heparan sulfates may play a role in regulating the activity of PDGF similar to that seen with bFGF.
There are at least two mechanisms by which PF 4 could inhibit bFGF activity. First, since the interaction of bFGF with its high affinity receptor is dependent on the binding of bFGF to heparan sulfates (8, 9) , it is possible that PF 4 acts by disrupting bFGF-heparan sulfate binding. A second potential mechanism for PF 4 inhibition of bFGF is to disrupt the binding of heparan sulfate to the second immunoglobulin domain of the FGF type 1 receptor (16) . The latter possibility is supported by data showing that the heparin-binding region of PF 4 is more effective at displacing bFGF from its high affinity (tyrosine kinase receptor) sites than from cell-surface heparan sulfate proteoglycans (42) .
bFGF is produced by a large number of cell types including, in one study, all fibroblast cells tested (43) . Our finding that PF 4 inhibits both baseline mitogenesis and the increased mitogenesis caused by wounding (Fig. 6) indicates that PF 4 is inhibiting endogenously produced FGF. The wounding experiment seems highly pertinent to in vivo situations. Both bFGF (7) and PF 4 (20) are found in the subendothelial intima of the injured vessel wall, an environment that would contain the contents of both ruptured damaged cells and stimulated platelets. Thus, activated platelets, by secreting PF 4, may serve to downregulate mitogenesis due to FGF released from damaged cells.
